Abstract: Sexual differences in habitat use of map turtles (Graptemys spp.) have been attributed to differences in swimming ability as influenced by body size, because females are much larger than males, or to sexual differences in diet. Captures of young female Graptemys versa, which had body sizes similar to those of adult males but diet and trophic morphology more similar to those of larger females, allowed testing of these alternative hypotheses. A variety of single habitat variables measured at the sites of capture performed poorly in separating the three groups of turtles, but multivariate analysis and variables relating to position within the stream produced greater separation, indicating that complex combinations of factors probably influence habitat use. Young females were more similar in their habitat use to large females than to males, and their diet was also more similar to that of larger females, due primarily to the quantities of mollusks consumed. The data supported the hypothesis that habitat separation was the result of dietary rather than body size differences. While dietary differences are probably facilitated by sexual size dimorphism, they may not be the ultimate selective force that produced the size dimorphism.
Introduction
In many animal species, distinct ecological differences between males and females are associated with sexual dimorphism in body size or characteristics such as the trophic apparatus (Shine 1989) . A central question of studies of intersexual differences in ecology is whether such differences are the selective force that promotes sexual dimorphism ("ecological causation"; Shine 1989) or consequences of sexual size dimorphism that originates via sexual selection. For ecological causation of differences in diets between males and females, differences may result from nutritive or habitat requirements, either of which may vary according to reproductive roles of the sexes or the influence of body size on prey type and foraging habitat (Shine 1989) .
Map turtles (Emydidae: Graptemys spp.) are North American turtles that occur primarily in medium to large rivers. Males mature at 2-5 years and are much smaller than females, which mature later (6-18 years; Ernst et al. 1994; Lindeman 1999; P.V. Lindeman, unpublished data) . The sexual size dimorphism index of Lovich and Gibbons (1992) represents by what proportion one sex is larger than the other in a linear measurement. This index is >1 (i.e., females are greater than twice as long in shell length) in some map turtle species; among turtles, the values for Graptemys spp. are matched only by some species of Indian roofed turtles (Bataguridae: Kachuga spp.; Gibbons and Lovich 1990) . Females of many map turtle species are mollusk specialists and females of all species have enlarged heads and alveolar jaw surfaces relative to males. Dimorphism in trophic ecology is present even between juvenile females and adult males of overlapping body sizes (Lindeman 2000) . The evolution of relative head width and relative alveolar width has been marked by tight correlation of changes in the two variables in female Graptemys spp. but not in males, which tend to feed on much softer-bodied prey than females (Lindeman and Sharkey 2001) .
Studies of habitat use in Graptemys spp. have commonly found sexual differences that involve females being found in deeper, faster water further from shore than males (Pluto and Bellis 1986; Craig 1992; Jones 1996; Bodie and Semlitsch 2000) . Pluto and Bellis (1986) reported positive correlation of body size of Graptemys geographica with point-of-capture distance from shore, water depth, and current velocity and also showed experimentally that body size was positively correlated with maximum swimming speed. They therefore hypothesized that body size might dictate habitat use via swimming ability. Craig (1992) proposed an alternative hypothesis to explain why female Graptemys caglei were found, via radiotracking, to make more use of deep, slow pools, while males made greater use of shallower transition areas: favored prey of females (Asian clams Corbicula sp.) and males (trichopteran larvae) were observed to have a similar habitat segregation; thus, sexual differences in habitat use by G. caglei may have been the result of differences in prey distribution. Jones (1996) found via radiotracking that female Graptemys flavimaculata occupied deeper, faster water further from shore than did males and suggested that the differences might be related to either swimming ability or prey distribution differences. Finally, in the probable sister taxon to Graptemys spp., Malaclemys terrapin (Lamb et al. 1994; Lamb and Osentoski 1997; Stephens and Wiens 2003) , radiotracked females made greater use of deeper water further from shore than did males (Roosenburg et al. 1999) . The authors attributed the differences to prey distribution; M. terrapin has sexual size dimorphism and sexual dietary differences similar to those typical of Graptemys spp. (Tucker et al. 1995) .
None of the above-mentioned studies has been able to separate the influence of body size on swimming ability from the influence of sexual differences in diet in analyzing why males and females differ in habitat use. I studied habitat use of the Texas map turtle (Graptemys versa) in 1999 and 2000. During 1999 sampling, juvenile females 1-3 years old, which exhibited shell lengths overlapping those of adult males, comprised 13% of all captured turtles large enough to be sexed. I used data on these juvenile females to analyze the relative contribution of sexual differences in body size and diet to sexual differences in habitat use of this species. While these juvenile females were similar to adult males in body size, widening of the head and crushing surfaces of the jaws in juvenile females relative to adult males is typical of Graptemys spp. (Lindeman 2000) and is associated with dietary differences that develop prior to development of body size differences (Sanderson 1974; Shealy 1976) . Hence, small juvenile females would be expected to be more similar in diet to larger females than they are to adult males.
I used my data set to determine whether differences between the sexes in habitat use are better explained by differences in body size or diet. I hypothesized that if sexual differences in habitat use are related to current velocities and water depths via hydrodynamic effects on body size, small juvenile females should be more similar to same-sized adult males in habitat use than to larger females. If, on the other hand, sexual differences in habitat use are related to differences in diet, small juvenile females should be more similar to larger females in habitat use than they are to adult males.
Materials and methods

Study area
I studied G. versa in the South Llano River, a major southern tributary of the Colorado drainage in eastern and central Texas. The upper limit to the study site was the southern (upstream) crossing of Texas State Highway 377 in Kimble County between Junction and Telegraph. The study area extended past the northern (downstream) crossing of the river for a total river length of approximately 4.5 km. The South Llano River is a clear, spring-fed river with alternating deep, slow pools and shallow, fast-flowing riffle areas.
Methods
I captured G. versa in unbaited fyke nets (Vogt 1980 ) with 17-m lead nets and basking traps (MacCulloch and Gordon 1978) and occasionally by hand between 9 and 29 May 1999 and 12 and 28 June 2000. Measurements included midline plastron length (PL), head width, and alveolar width (width of the crushing surface of the upper jaw). I marked turtles and released them at their points of capture. Occasional recaptures are not included in the present study; hence, each turtle is an independent data point.
I divided the study area into seven riffle areas and seven pools between the two highway crossings and four pools and three riffle areas below the downstream crossing. I characterized five aspects of the habitat at the point at which each G. versa was captured: (1) water depth (measured in centimetres), (2) distance from shore (measured to the nearest 0.1 m), (3) current velocity (measured by floating a submerged citrus fruit and then categorized as no detectable current, current <0.4 m/s, or current >0.4 m/s), (4) riverbottom substrate (categorized as mud, cobble, or bedrock), and (5) portion of the river section in which capture occurred (categorized as riffle or upper, middle, or lower one third of a pool). For fyke net captures, I took measurements at the front throat of the net, i.e., the point at which turtles entered the net. Fyke nets were set in areas of homogeneous habitat, in most cases with their lead nets parallel to shore.
I used UPGMA (unweighted pair-group method with arithmetic averaging) cluster analysis (Sneath and Sokal 1973) to produce visual representations of pairwise comparisons of habitat of three groups of G. versa: adult males, small females overlapping adult males in PL, and females larger than males in PL, including large juveniles and adults. I calculated overlap for each of three possible pairwise comparisons separately for each of five habitat variables and in a combined analysis to quantify whether small females were more similar to adult males or large females. These analyses necessitated transforming water depth and distance from shore into categorical variables (<0.5, 0.5-1.3, and >1.3 m for depth; <3 and >3 m for distance from shore). I also conducted a UPGMA analysis of similarity in distribution of captured turtles of the three classes over the separate riffle and pool sections of the river.
I tested for significant differences in habitat variables among the three classes of G. versa using Kruskal-Wallis tests (water depth and distance from shore) and χ 2 tests (current velocity, substrate, and portion of river section). I used Kruskal-Wallis tests because multiple captures were made at many trap locations; thus, data on water depth and distance from shore were not likely to be normally distributed. I used multivariate analysis of variance (MANOVA) to test for significant differences among the three classes of turtles analyzed and Hotelling's T 2 statistic to test for significant differences in pairwise comparisons of classes. I used discriminant analysis to demonstrate the degree to which the three classes were distinct from one another in habitat use. I conducted multivariate analyses in S-PLUS 6.1 (Insightful Corporation 2002) and all other analyses in a computer spreadsheet.
I collected stomach contents via stomach flushing (Legler 1977) and feces via overnight collection. Here, I present major prey taxa and results of UPGMA cluster analysis of the three classes of turtles; a more complete analysis of diet will be presented elsewhere.
Results
I captured 30 adult male G. versa ranging from 57 to 79 mm PL, 8 juvenile females within the same size range (59-74 mm PL), and 22 larger females ranging from 83 to 163 mm PL. I caught one or more G. versa in 2 of the 10 riffle areas and 10 of the 11 pools, with a total of 18 independent capture sites.
Greatest pairwise similarities in UPGMA analyses were between small females and large females for water depth, distance from shore, and portion of the river section (Figs. 1a, 1b, and 1e ). For substrate, males and small females were most similar, while for current velocity, males and large females were most similar (Figs. 1c and 1d) . Overall, the two female groups had the greatest similarity in habitat use, with males being almost equally similar to each group of females (Fig. 1f) . The two female groups were also most similar in use of individual riffle and pool habitats (Figs. 1g and 2) .
The three classes did not differ significantly in water depth (H = 1.62, P = 0.44) or distance from shore (H = 2.07, P = 0.36) ( Table 1 ). There were also no significant differences among classes in distribution among no current, slow current, and fast current (χ 2 = 1.46, P = 0.83) (Fig. 3a) , distribution among mud, cobble, and bedrock substrates (χ 2 = 4.20, P = 0.38) (Fig. 3b) , or distribution among portions of river segments (χ 2 = 9.60, P = 0.14) (Fig. 3c) . The difference among the three classes in overall habitat use was marginally nonsignificant (MANOVA, Wilk's λ, F [18, 98] = 1.63, P = 0.066). Hotelling's T 2 test for significant differences in pairwise comparisons revealed no significant difference between small and large females (F [9, 49] = 0.48, P = 0.88), a marginally nonsignificant difference between males and small females (F [9, 49] = 2.01, P = 0.058), and a significant difference between males and large females (F [9, 49] = 2.32, P = 0.029). Classification of turtles based on their habitat use was accurate for 63% of turtles. Six of 30 (20%) males were classified as large females, eight of 22 (26%) large females were classified as males, and all eight small females were classified as either large females (N = 6) or males (N = 2).
The primary prey items of males were trichopteran larvae and ephemeropteran larvae, with snails also being eaten occasionally. Large females fed almost exclusively on Asian clams. Small females ate Asian clams but also ate large quantities of snails and took more aquatic insects and filamentous algae than large females. UPGMA analysis of stomach contents showed males (N = 21) and small females (N = 7) to be more similar to one another than either class was to large females (N = 10) (Fig. 4a) . UPGMA analysis of feces showed small females (N = 8) and large females (N = 16) to be more similar to one another than either class was to males (N = 25) (Fig. 4b) .
Discussion
The abundance of small female G. versa allowed testing of the alternative hypotheses that sexual differences in habitat use in this species are either related to body size or linked to dietary differences associated with sexual differences in trophic morphology. Small females ranging from 59 to 74 mm PL were more similar to large females in habitat use than they were to adult males of similar body sizes. These results thus support the hypothesis that habitat use differences are linked to dietary differences.
In comparisons with adult males, small females exhibited evidence of ontogenetic onset of the increased head width and alveolar surface width that typifies larger, highly molluscivorous females (P.V. Lindeman, unpublished data). Analysis of dietary similarity gave conflicting results regarding which group small females were more similar to: they were more similar to males in stomach flushes but more similar to large females in fecal analyses (P.V. Lindeman, unpublished data). However, stomach flushing was a suspect technique in this species because volume of material recovered did not show an expected log-log correlation with PL (with a slope of 3 based on correlation of a linear measurement with a volumetric measurement), and shells of the Asian clam were never recovered from small females by stomach flushing but were common in feces. The lack of Corbicula sp. in stomach flushes of small females artificially lowered their similarity to large females, which fed heavily on Corbicula sp. Based on fecal remains, then, small females showed greater similarity to large females in diet, matching results for habitat use and trophic morphology.
Four of the five habitat variables analyzed were poor indicators of differences in habitat use among the three groups of G. versa analyzed, with nonsignificant differences among groups and extremely high UPGMA similarity scores in all pairwise comparisons. Physical position within the stream, as represented both by individual pool or riffle inhabited and by portion of the river segment, gave greater separation in UPGMA analyses. A significant difference between males and large females also occurred in the multivariate analysis of all five habitat variables, in spite of no difference being detected for any single variable. Hence, it would appear that measurement of single variables did not adequately capture the influences on habitat use in this species and that several interacting variables are probably important in determining habitat use.
The discriminant analyses classified all turtles as either males or large females: 27% of males and large females were misclassified, and all eight small females were assigned to one group or the other. Small females may thus be regarded as intermediate between males and large females in their use of habitat. It is noteworthy that the same intermediate position may be inferred with regard to diet and trophic morphology: small females fed on more mollusks than did males and had wider heads and alveolar surfaces but had not yet developed the heavy reliance on mollusks and the more obvious degree of morphological adaptation that typified females of larger body sizes (P.V. Lindeman, unpublished data).
Ecologically, the population of map turtles that is most similar to the South Llano population of G. versa, among those that have been studied, is probably a population of Cagle's map turtle G. caglei in the Guadalupe River of Texas (Porter 1990; Craig 1992) . The Guadalupe River is similar to the South Llano River in its spring-fed origin and its composition of distinct alternation of short, shallow, fast-current UPGMA similarity values comparing male (M), small female (SF), and large female (LF) Graptemys versa for five habitat variables at the sites of capture (a-e), overall habitat similarity based on a combination of variables (f), and site of capture as designated by individual pools or riffle areas (g).
riffles and longer, deeper, slow-current pools (Craig 1992 and personal observation). While G. versa and G. caglei are not particularly close relatives among Graptemys species in spite of their occurrence in adjacent river drainages (Lamb et al. 1994; Stephens and Wiens 2003) , they do express similar degrees of mesocephaly in adult females (Lindeman 2000) . The diet of G. caglei is very similar to that of G. versa in that adult females feed very heavily on Corbicula sp. and adult males feed most heavily on trichopteran larvae (Porter 1990) . In radiotelemetric studies, male G. caglei were found to make greater use of shallower transition areas between riffles and pools than females, who remained primarily in the pools (Craig 1992) . Observations indicated that trichopteran larvae and Corbicula sp. showed similar differences in habitat occurrence (Craig 1992) , and similar partitioning of prey resources in the South Llano River may occur.
It is unclear whether the results of the present test of alternative hypotheses regarding sexual differences in habitat use can be generalized to apply to other species of map turtles. Many other Graptemys spp. inhabit larger, higher-order streams that lack the riffle-pool alternation so strongly evident in the South Llano and Guadalupe rivers. Twenty of 60 captures of G. versa in the present study occurred in areas of pools that had no detectable current, but such habitat may be lacking in larger rivers. For example, Jones' (1996) study of G. flavimaculata was carried out in the lower reaches of the Pascagoula River, which has depths >12 m and a strong, steady current (Jones 1996 and personal observation) . In such rivers, swimming ability as influenced by body size (Pluto and Bellis 1986 ) may be more important than it is in the South Llano River. Additionally, in large rivers, such as the lower Missouri River, map turtles use a mosaic of habitat types that includes low-current backwaters (Bodie and Semlitsch 2000) ; thus, comparison of habitat use among small females, males, and large females in such situations may yield different results.
The ecological situation described for G. versa appears to fit the concept of "ecological causation" of sexual dimorphism (sensu Shine 1989 ). An unanswered question involves the ultimate cause of sexual dimorphism, in body size and trophic morphology, that relates to differences in diet in the first place. Have the differences evolved via selection related to differences in nutritive requirements that stem from different reproductive needs of males and females? Although the high calcium content of eggshells produced by females makes speculation regarding the ultimate cause of their adaptation to a molluscivorous diet tempting (e.g., Shine 1989), such causation would not explain how calcium requirements are met in microcephalic female Graptemys spp. that do not feed heavily on mollusks, and how much calcium is actually gained from shells that pass intact through the digestive tract is not known (Porter 1990; Lindeman 2000) . Are dietary differences a simple consequence of habitat differences related to reproductive roles? Nesting areas used by G. versa are unknown; wide flat sandy beaches are typically used for nesting by other Graptemys spp. (Ernst et al. 1994) but are absent in the South Llano River. Are dietary differences a consequence of body size differences selected for some other reason? This last possibility has appeal in the fact that body sizes differ dramatically between male and female Graptemys spp. primarily due to extreme bimaturism (Lindeman 1999) . In G. versa, for example, males mature in their second or third year, but females do not mature until they are about 6 years of age on average (P.V. Lindeman, unpublished data); in other Graptemys spp., the difference in age at maturity may be even greater (Lindeman 1999) . The reason for this high degree of bimaturism in Graptemys spp. relative to other turtle taxa is unknown, but it would seem unlikely that it arose simply to promote dietary differentiation (i.e., to reduce intersexual food competition or to adapt the sexes to differing foods for nutritive or reproductive-habitat reasons), as the large difference in age at maturity surely has far-reaching implications for individual fitness. It may be most fruitful in map turtles to examine how body size differences relate to factors such as mate competition, fecundity, and egg size and propagule size (Gibbons and Lovich 1990) and to consider the possibility that size dimorphism secondarily makes dietary differentiation of males and females possible (or even inevitable), rather than being of selective advantage in the first place. Fig. 3 . Distribution of captures of male, small female, and large female G. versa among categories of current speed (a), substrate type (b), and portion of river segments (c).
Fig. 4.
UPGMA similarity values comparing male (M), small female (SF), and large female (LF) G. versa for diet as determined using stomach contents (a) and feces (b).
